This paper focuses on the use of fly ash (FA) or ground granulated blast slag (GGBS) and reactive lime blends for cement-stabilized Nanjing clay, comparing them with Portland cement (PC) for enhanced technical performance. A range of tests were conducted to investigate the properties of stabilized soils, including macrostrength (UCS), permeability, and microstructure analyses by scanning electron microscopy (SEM). The influence of PC : (FA + lime) ratio, PC : (GGBS + lime) ratio and curing time was addressed. The UCS and permeability results revealed that PC-FA-lime was more efficient than PC-GGBS-lime as a binder for soil stabilization, with an optimum proportion of PC : (FA + lime) = 3 : 7 at 25% binder content, varying with curing time. The microstructure analysis reveals that fly ash mainly changes the pore volume distribution, which ranges between 0.01 m and 1 m, and produces more CSH/CASH bonding and fissures due to the secondary hydration and pozzolanic reactions. Based on the favourable results obtained, it can be concluded that the soft soils can be successfully stabilized by the combined action of cement, fly ash, and lime. Since fly ash is much cheaper than cement, the addition of fly ash and lime in cement-soil mix may particularly become attractive and can result in cost reduction of construction.
Introduction
More recently, cement soil stabilization to construct vertical barriers, including deep mixing method (DMM) and the trench remixing and deep wall method (TRD) have found increased usage. An advantage of these techniques was that a high strength can be achieved, making Portland cement (PC) the most commonly used binder in soil stabilization [1, 2] . The unconfined compressive strength (UCS) and the permeability of PC stabilized soils were the key design parameters in the design of cut-off walls to prevent seepage in water-retaining structures, which have been extensively researched [3] . To reduce the stabilization cost, the incorporation of industrial byproducts in partial or full cement replacement, such as fly ash (FA), ground granulated blast furnace slag (GGBS), has been extensively applied in practice [4, 5] . Fly ash or GGBS used on its own shows a slow hydration rate, resulting in a low early strength, and hence the fly ash or GGBS hydration is usually accelerated by activator [6] [7] [8] . Since the use of lime for soil stabilization has a long history and been successfully employed in many countries [9] [10] [11] [12] [13] , the incorporation of lime with fly ash or GGBS is easily accepted for geotechnical applications.
It was found that high-volume fly ash pastes underwent a lower degree of fly ash reaction, and in the pastes with 45% to 55% fly ash, more than 80% of the fly ash still remained unreacted after 90 days of curing [14] . Ratios of cement : fly ash of 1 : 2 with 22% binder content were reported as being suitable for reducing the permeability [15] . In the grout studied, fly ash was used to replace 30% by mass of cement [16] . For soft soil in the Minjiang estuary, results from scanning electron microscopy (SEM) and UCS suggested that the intensity of stabilized soil is the largest by using the stabilizer composed of 16% cement mixing ratio and 40% fly ash mixing amount [17] . Zhang suggested that, as most of the ash particles remain unreacted even after a long period of curing, high-volume fly ash pastes can be considered as a composite material with the ash particles serving as reactive microaggregates [18] .
Tasong et al., Wild et al. observed that the lime-activated GGBS hydration was much more rapid than that of the pozzolanic reaction of lime with clay. SEM and XRD analysis 2 Advances in Materials Science and Engineering suggested that, due to its high alumina and silica content, a complex C-A-S-H gel intermixed with hydrotalcite-type phases containing magnesium are the main reaction products of GGBS-lime stabilized clay [19] [20] [21] . Macphee et al. found that the hydraulic reactions of GGBS have a "pore-blocking" effect which leads to a greater ultimate strength and lower permeability [22] . However, it should be noted that although hydration characteristics of fly ash (or GGBS) are common for all PC-fly ash-lime (or PC-GGBS-lime) systems, there are substantial differences between low-volume and high-volume (above 50% by weight) PC-fly ash-lime (or PC-GGBS-lime) systems. A more quantitative understanding of the systems hydration process with different levels of replacements is needed.
Hence, this study investigates the strength and microstructure evolution of PC-fly ash-lime (or PC-GGBS-lime) with a number of PC : fly ash : lime (or PC : GGBS : lime) ratios for soil stabilization. A range of tests were conducted to investigate the performance of stabilized soils, including UCS, permeability, scanning electronic microscopy (SEM), and mercury intrusion porosimetry (MIP). The influence of PC : fly ash (or GGBS) : lime ratio, curing period were considered.
Materials and Testing Methods

Soils, Binders and Sample Preparation.
The specimens were prepared with clay obtained from the Nanjing area, located in Jiangsu, China. The basic properties of the selected soil samples are listed in Table 1 and it was characterized as a lean clay (CL) by the USCS (Unified Soils Classification System, ASTM D2487-11) [23] . Note that the clay mineral was the main component and the content of the interstratified illite/smectite was over 80%. Table 2 presents four different stabilizing agents which were used in the present study, namely, Ordinary portland cement, Class F fly ash, ground granulated blast furnace slag (GGBS) and lime. PC, type OPC 42.5 R/N (from Xuzhou Coal Mine Bureau, China) according to the European Cement Standard (EN197-1), specifies that the ratio of CaO to SiO 2 should exceed 2.0 and the MgO content should not exceed 2.0%. Fly ash, grade I class F, falled well within the guidelines of GB/T1596-2005 (from Xuzhou Power Plant, China). GGBS used in this investigation were collected from Nanjing Iron and steel plant and lime were procured from Nanjing Chemical Reagent Co., Ltd.. The fineness of fly ash was 11.6%. The particle diameter of GGBS was distributed in the range of 0.5-1 mm.
There were three types of binder stabilized soils: PC stabilized clay (PCC), PC-fly ash-lime stabilized clay (PFLC), and PC-GGBS-lime stabilized clay (PGLC). Tests performed 
included UCS, permeability, and microstructural analyses (for selected mixes). One binder contents, by weight of the wet soil and binder together, of 25%, was used in all mixes, and all the mixes were tested for UCS at 7, 14, and 28 days, as well as for permeability at 7, 14, and 28 days. The testing program is shown in Table 3 . A relatively lower fly ash (or GGBS) : lime ratio could increase the early strength of stabilized soil, while it might also result in relatively low longer term strength by the decrease of fly ash (or GGBS) content. As reactive lime was currently more expensive than Fly Ash (or GGBS), a high lime content in the binder was not encouraged for economic reasons [24] . And the main purpose of this study was to meet impermeability, so a relatively lower lime : fly ash (or GGBS) ratio 15% was chosen for all samples.
Note that the PC content (mass content of cement to wet soil at 2.5%, 5%, 7.5%, 10%) was less than that adopted in most vertical barrier in Chinese TRD projects (usually 20%∼ 25%) [25] , considering the effectiveness and economy of the cement, while the high fly ash (or GGBS) content was applied (the ratio of cement mass to the total binders mass ranges from 10% to 40%).
To prepare the testing samples, the selected clay in Nanjing area was first dried at 30 ∘ C, and distilled water was then added until the water content arrived at 35% (approximately the sample's natural water content). The wet soil were initially cured for one day, then the binders were added. The binders and the prepared soil were thoroughly mixed for 5 minutes.
The homogenized paste was then transferred into a cylindrical mould, which was of 50 mm in diameter and 100 mm high. To eliminate any air pocket, each layer was artificially compacted by vibration. The cemented soil samples were placed in a sealed plastic container at the 95% ± 3% humidity and 20 ± 2 ∘ C. After the first 24 hours of curing, they were demolded and placed back in the standard container for curing until ready for testing. Note that the detailed procedure for preparation of specimen was widely recommended for the cemented soft clay [26] [27] [28] [29] .
Unconfined Compression Test and Permeability Test.
The average UCS values (three identical specimens) at a strain rate of 1 mm/min for different mixes were determined. Two cylinders per mix proportion were subjected to permeability tests and the mean hydraulic conductivity ascertained.
Both ends of a sample were cut flat to within 0.05 mm, and the height, diameter, and weight of the sample were measured before testing. The UCS was measured on a universal testing machine and was carried out in accordance with ASTM standard D1633-00 (ASTM 2007) [30] .
Permeability testing was conducted in duplicate using a flexible-walled permeameter (ASTM D5084; ASTM 2003) [31] . For all samples, the cell pressure was preset as 450 ± 2 kPa and the seepage pressure as 350 ± 2 kPa. Due to the very low values of hydraulic conductivity for cemented soils, the height of these samples was cut to 5 cm to reduce their seepage path.
Mercury Intrusion Porosimetry (MIP).
MIP is a method used to determine the pore size distribution of porous materials based on the unique relationship between the intrusion pressure and equivalent pore diameter proposed by Washburn [32] :
where is pore diameter, is surface tension of mercury, is contact angle, and is applied pressure. Note that the recommended contact angle of 140 ∘ C and the mercury surface tension of 0.480 N/m were employed [33] [34] [35] . Because the range of intrusion pressure was 3.7 kPa to 241.1 MPa for the PoreMaster-60 (by Quantachrome Corporation USA), the pore sizes measured ranged from 0.005 to 340 m. In this study, five samples (i.e., 25% cement without FA or GGBS, 2.5% cement with 22.5% FAL, 7.5% cement with 17.5% FAL, 7.5% cement with 17.5% GL, 10% cement with 15% GL after 28 days of curing) were tested.
The MIP samples were selected from the center of the crushed UCS samples. Small pieces of crushed samples were first trimmed to appropriate sizes and shapes and then soaked with acetone for 7 days to stop the hydration reactions. After 7 days, specimens were frozen at −196 ∘ C by immersion in liquid nitrogen for 5 min and then were sublimated by sustaining in vacuum chamber of a freeze dryer for approximately 24 hours [34] . 
Scanning Electronic Microscopy (SEM).
Scanning electron microscopy was used to further investigate the microstructure changes of the cemented soils containing and mechanism. Five specimens (just like MIP) were scanned in this study. The dried sample pieces not exceeding 10 mm in size were pretreated and lyophilized same as MIP test. Prior to examination, sample pieces were mounted on aluminium stubs using carbon tape and paste, and gold-coated in the thickness of 200-300Å (1Å = 0.1 nm) to induce electrically conductivity [36] .
Results and Discussions
Mechanical Behaviors of Cement-Stabilized Samples Containing Fly Ash-Lime (or GGBS-Lime).
The variation of stabilized soil strength with time is presented in Figure 1 compared with those of PC stabilized soils. The UCS of PFLC mixes and PGLC mixes increased with the increasing cement ratio and curing period. The same behavior was observed for both mixes.
For 7-day UCS of PFLC mixes (or PGLC mixes), the PC : FAL = 1 : 9 (or PC : GL = 1 : 9) reached the lowest. So as 28-day UCS. This was attributed to the facts that the lowest cement content of PC : FAL = 1 : 9 (or PC : GL = 1 : 9) mixes and a relatively lower lime : fly ash (or GGBS) ratio 15% was not the most rational ratio. It is consisted with the results of clayey silt by Yi et al. [24] who considered that the low lime content in the binder was not sufficient to activate the fly ash (or GGBS) to achieve high early strength. For the 28-day UCS of the PFLC mixes and PGLC mixes in Figure 1 , the UCS values reached much lower than those of the corresponding PC stabilized soils. However, The 28-day UCS of PFLC mixes and PGLC mixes with the 7.5% cement content closed to 1 MPa, which can meet the engineering requirements.
Considering that high content fly ash (or GGBS) was a type of special cemented soil, the empirical relationship of common cemented soils must be verified for this material. Figure 2 shows the cu of cement-treated clay containing fly ash (or GGBS) and lime after 7 and 28 days of curing compared to that of Bangkok, Ariake, LYG clay and other soft soils using just ordinary Portland cement or slag-cement [25, [37] [38] [39] [40] [41] . The linear fitting results are expressed as follows:
Equation (2) indicates that the unconfined compression strength of the CFAL cemented soils after a curing period of 7 days is approximately 0.62 times that measured after 28 days of curing. This finding demonstrates that time-dependent strength prediction equation of PFALC (or PGLC) mixes stabilized clay is similar to the finding of other references [37] . Hence, the activity of PFAL (or PGL) can ensuring the early strength.
The secant modulus ( 50 ), obtained from unconfined compression tests, is expressed as the ratio of the stress to strain when the axial stress is 50% of the unconfined compressive strength [42] [43] [44] [45] [46] [47] . The relationship between the secant modulus and cement content is shown in Figure 3 . The curve does not smooth when the cement content exceeds 7.5%, which is slightly different to that of the unconfined compression strength in Figure 1 . It can be stated that the higher cement content, the higher modulus of elasticity. The relationship between the secant modulus and UCS of cement-treated clay containing fly ash (or GGBS) and lime from this study shown in Figure 4 is widely distributed in the eastern coastal areas of China. Figure 4 demonstrates that the E 50 of PFAL (or PGL) treated soil can be taken E 50 = 48 .
In comparison to other common cement-treated soils reported in the literatures, Zhang et al. [41] and Zhang et al. [48] founded that the ratio ranged from 120 to 275 for Lianyungang clay (the same clay examined in both study) for cement contents ranging from 10% to 20%. Lorenzo and Bergado [46] also reported that E 50 equals 147 for Bangkok clay mixed with cement contents at 5% to 20%.
Although the modulus of elasticity is proportional to the UCS of cement-treated soils, the results showed that the lower slope between the UCS and the E 50 are significant. It should be pointed out that the physicochemical properties and the origin (i.e., geological processes, etc.) of soils differ in various regions of the world (Zhang et al., 2013) [41] . Figure 5 shows the 14-day and 28-day permeability values of the stabilized clay. The relationship of the permeability with the fly ash content in the binder exhibits a little different trend to that of the UCS, which demonstrating there is also an optimum PC : FAL ratio for lowest permeability.
Permeability.
The minimum permeability of PFLC mixes occur approximately at 7.5% cement contents (PC : FAL = 3 : 7). Even with different curing times. The trend of 25% PGLC mixes is similar to that of PFLC mixes, while the PFLC mixes have lower 28-day permeability than PGLC mixes at different PC : activator ratio. For 25% binder content mixes, the PFLC mixes even yield lower 28-day permeability than the cementstabilized clay.
It is known that the hydration of cement is generally an expansive process, and the hydration products which include CSH and CH can fill the pores to decrease the permeability of cemented soil [24] . However, there is different behavior between the permeability and USC of stabilized soil. The specific reasons will be explained in SEM tests. Figure 6 shows the typical relationships between the mercury intrusion curves of samples containing 25% binder after 28 days of during the formation of cumulative intrusion volume (mL/g) and the log differential intrusion volume (mL/g).
Micromechanism.
The cumulative pore volume decreased when the PC : FAL ratio varied from 1 : 9 to 4 : 6 irrespective of the curing time. The total pore volume was minimised at a cement content from 5% to 10% (PC : FAL = 2 : 8, PC : FAL = 3 : 7, PC : FAL = 4 : 6), which is probably attributed to the reasonable fly ash proportion for secondary hydration. The effect of the fly ash (or GGBS) content on the microstructure was further clarified in the log-differential intrusion volume analysis. In addition, this density clearly changed when the pore distribution ranged from 0.01 m to 1 m. The micropore distribution was classified according to Horpibulsuk et al. (2009 Horpibulsuk et al. ( , 2010 [49, 50] to further analyse the pore size distribution who counted the pore volume of pores that ranged among 0.01, 0.1, 1, and 10 m in diameter, respectively. Figure 7 shows the pore volume statistics calculated by the Horpibulsuk method (2010) [50] . The addition of FAL (PC : FAL = 3 : 7) decreases the pore volume between 1 m and >10 m of cemented soils after 28 days' curing but those <0.01 m is on the contrary. The microvolume between 0.01 m and 0.1 m at 17.5% FAL is almost identical to that measured at 0% FAL. Therefore, pore volume distribution between 0.1 m and 1 m affected the macrostrength but it is not the only main factor for cemented soils in this study. In other words, the cementation (or bonding) and fissures may constitute another key factor that affects the macrostrength.
The SEM micrographs which shown in Figure 8 for selected 28-day 25% binder stabilized soils: PC-alone, PC : FAL = 1 : 9, PC : FAL = 3 : 7 and PC : GL = 3 : 7. For the PCalone stabilized clay, Figures 8(a) and 8(b) displayed a dense surface morphology with soil particles well interconnected and pores well filled by PC hydration products (mainly CSH gel), explaining the high strength of 28-day PC stabilized clay.
However, the portlandite was absent in the PC : FAL = 1 : 9 mixes due to its consumption during the pozzolanic reaction of the natural pozzolanic material in the soil and activation fly ash. For the PC : FAL = 1 : 9 mixes stabilized clay, isolate soil and fly ash particles without interconnection was clearly seen in Figure 8 , indicating the minimal hydration of fly ash took place without activator after 28 days of curing and hence resulted in stabilized soil with almost 0 MPa 28-day UCS.
Comparison of Figures 8(d) and 8(f) at 3000 times magnification preliminary shown that the netted structure of PC : FAL = 3 : 7 mixes was obviously denser. The possible hydraulic compounds that enwrap the soil aggregate can be empirically observed are products of the cement or fly ash hydration, these include, for example, various types of calcium silicate hydrate crystal (CSH), calcium aluminium silicate hydrates like gismodine (CaAl 2 Si 2 O 8 ⋅4H 2 O), portlandite (Ca(OH) 2 ), and so forth. as well as products resulted of the reaction mainly of the SiO 2 contained in clay with the portlandite released during the hydration of fly ash and cement [51] .
The new products and reformation of the microstructure effectively decreased the permeability of stabilized soil. However, the strength development was limited due to the poorly reticulate and fibrous structure and weak bonding ability of particles.
The better permeability resistance ability of cement-fly ash-lime combination stabilized soil can be attributed to the pozzolanic properties of the mixture and to the utilization of readily available silica and alumina from fly ash by the calcium from the lime to generates the advantageous hydration products, which clogged pores between the soil aggregates. Figure 8 (g) indicates that micropores of PGLC mixes can be filling with effectiveness. At 3000 times magnification, this indicates that the main hydration product of all the mixes was CSH, consistent with Song et al. [7] and Yi et al. [24] . Meanwhile, since the particle size of GGBS was not small enough, the secondary hydration and pozzolanic reaction was not as effective as fly ash.
